Femtosecond time-resolved second harmonic generation studies of the barrierless isomerization of an organic dye, malachite green (MG), have been carded out at several aqueous interfaces. A comparison of the dynamics at the air/aqueous, alkane/aqueous and silica/aqueous interfaces, indicates increased friction and increased water structure at the aqueous interfaces relative to bulk water, in support of molecular simulations, with the silica/aqueous interface being the most structured. The dynamics are slower at all of these interfaces than in bulk water, by a factor of three to five in the case of the air/aqueous and alkane/aqueous interfaces, and almost an order of magnitude in the case of the silica/aqueous interface. These investigations also indicate that the generally accepted isomerization model of twisting of the three aromatic rings about the central carbon atom requires modification in that the synchronous twisting of all three aromatic rings is not necessary for rapid internal conversion from the excited to ground electronic state. In contrast to MG, the dynamics of the activated photoisomerization of the cyanine dye, 3,3'-diethyloxadicarbocyanine iodide (DODCI), is faster at the air/aqueous interface than in bulk aqueous solution. The different dynamics of MG and DODCI suggest that the interface friction must be described in terms of the orientation and solvent structure in the vicinity of the chromophores involved in the isomerization process.
Introduction
The interface is that special region that provides the bridge between different bulk media. It is a subject of intense activity because of its scientific, environmental and technological importance [1] [2] [3] [4] [5] [6] [7] [8] . The asymmetry of the forces at the interface, exemplified by the observation that molecules at liquid A major obstacle to the application of spectroscopic techniques to interface investigations is the necessity to differentiate between the response of the overwhelming number of bulk molecules and that of the much smaller number of surface molecules. Traditional spectroscopic methods such as emission spectroscopy can be used to study interface phenomena provided that the molecules of interest are restricted to the interface region [17, 18] . There have been some successes in reducing bulk contributions by using a total internal reflection (TIR) geometry [19, 20] . However, molecules present to a depth of over 100 nm contribute to the observed signals rendering a limited sensitivity to the separation of surface versus bulk effects.
Second harmonic generation, (SHG), is a method that avoids the complications of bulk contributions and permits surface species to be probed directly [1, 6, 8] . Using time resolved second harmonic generation, which is a pump-probe method, progress has been made in our understanding of elementary molecular processes at interfaces [1, 6] . A study of the rotational motion of rhodamine 6G, an organic molecule, at the air/aqueous interface showed that the dynamics is slower than in the bulk, is dominated by out of plane molecular motions and that the ground and excited molecules have different orientations at the interface [16] . Time-resolved SHG (TRSHG) has also been used to investigate the dynamics of barrier crossing processes. In the case of the photoisomerization of the cyanine dye DODCI (3,3'-diethyloxadicarbocyanine iodide) at the air/aqueous interface the rate was measured and found to be considerably faster than in the bulk [14] . TRSHG has been employed to probe the photophysics of a number of molecules, including rhodamine 6G and malachite green, at silica/liquid and silica/air interfaces [19, 21] . In the case of rhodamine 6G at the silica/aqueous interface, two relaxation components were observed; an 80 ps recovery attributed to surface dimers due to high surface coverage and a longer (~ 4 ns) component typical of bulk fluorescence dynamics. Studies of intermolecular electronic energy transfer at an air/liquid interface have been performed at bulk concentrations such that the energy transfer is among the interface molecules and energy transfer between the interface and bulk molecules can be neglected. The experi- mental results are consistent with our understanding of energy transfer process in the bulk [15] . Again, the use of SHG enabled the surface response to be probed exclusively. Ultrafast vibrational dynamics at interfaces have also been investigated using the related nonlinear optical technique, time-resolved IRvisible sum frequency generation (SFG) [22, 23] .
To complement our study of the photoisomerization of the cyanine dye, DODCI, where both a barrier and frictional effects determine the dynamics of the reaction, we initiated a study of the photoisomerization of malachite green (see Scheme 1), a barrierless process, at various aqueous interfaces. Our investigations seek to increase our knowledge of the effects of frictional resistance on molecular motions and the dynamics of chemical reactions at interfaces. As the MG reaction does not involve a barrier, it is the frictional effects at the interfaces that control the dynamics of the reaction. Such barrierless transformations constitute an important class of chemical isomerization dynamics, of relevance to primary electron transfer in the photosynthetic reaction center, oxygen transport by hemoglobin and fundamental mechanisms of vision [24] . For these processes the kinetics are determined not by the presence of barriers that separate different conflgurational regions but chiefly by interactions with the surrounding molecules (frictional effects) and the shape and intersections of the potential energy surfaces of different electronic states. The photoisomerization of malachite green, a triphenylmethane dye, has been extensively studied both in bulk media [25] and adsorbed on solid surfaces [19, 21, [26] [27] [28] [29] [30] . The ultrafast relaxation dynamics of triphenylmethane dyes in the bulk have been shown to be very sensitive to the nature of the molecular environment [25] . The fluorescence quantum yield and excited state relaxation rate show a strong dependence on solvent viscosity, whereas the effect of solvent polarity is not found to be significant based on similar dynamics in solvents of similar viscosities hut very different polaxity [31, 32] . The weak solvent polarity dependence suggests that the potential energy surfaces are likely to be similar in the bulk and at the various interfaces studied. Pressure dependent bulk studies of triphenylmethane dyes also indicate that viscosity controis the barrierless torsional dynamics [33] [34] [35] . The ultrafast dynamics (~ 10-12 S) and apparent lack of a temperature dependence, under conditions of constant viscosity, in low viscosity solvents indicate that the relaxation is barrierless. The rate limiting step is believed to involve the rotation of the aromatic groups about the bond between each aromatic group and the central carbon atom (see Schemes 1 and 2) [36, 37] . The solvent drag forces opposing these rotations are manifested by the slowing down of the isomerization as the macroscopic bulk solvent viscosity increases. A number of theories have been developed to account for the experimental observations. Most assume that the dynamics involve diffusional motion on an excited state potential surface until a sink is encountered, at which point internal conversion to the ground state occurs [38] [39] [40] [41] . While the overwhelming consensus is that, in low viscosity solvents, the ground state recovery dynamics are mono-exponential and the rate decreases with viscosity, an absence of viscosity dependence was observed in one study [42] . Several reports of bi-exponential behavior [43, 44] have been ascribed to saturation effects [45] . In spite of much experimental and theoretical work, important aspects of the isomerization, especially the relative contributions of the three aromatic groups remain to be determined D Reaction Coordinate Scheme 2. Schematic of malachite green ground and excited electronic state dynamics. Upon absorption of a visible photon, malachite green undergoes motion along the reaction coordinate, involving torsion of the aromatic tings, effecting internal conversion to ground state. [24] . It is clear, nevertheless, that when the aromatic rings are not free to rotate, as in the structurally related dyes such as rhodamine B, where the anilino rings are connected by an oxygen atom, there is no rapid excited state relaxation.
Studies of the relaxation of malachite green molecules at the silica/air interface by second harmonic methods, revealed a fast decay component and a coverage dependent slow component of uncertain origin [19, 21, 29, 30] . The fast component, though slower than the bulk relaxation times found in low viscosity liquids, was attributed to the intramolecular twisting motions of the aromatic rings about the central carbon atom. The details of the adsorbate geometry at the interface and the effects of intermolecular adsorbate-adsorbate interactions on the relaxation dynamics are important and need to be further investigated. Other studies of the fluorescence of malachite green molecules in the vicinity of the silica/aqueous interface (~ 100 rim) carried out in a total internal reflection geometry showed that there were slow, concentration dependent, components in the observed kinetics [26] .
In the experiments described in this work the surface densities were sufficiently low, ~ 1000 AE/molecule, to avoid adsorbate-adsorbate interactions. Furthermore, the use of a femtosecond laser system made it possible to observe the fast relaxation decay without the need for deconvolution methods. Our findings are that the barrierless isomerization dynamics of malachite green is significantly faster in bulk water than at the various interfaces studied, indicating that the friction is greater at the interfaces. The relaxation is almost an order of magnitude slower at the silica/water interface (5.5 ps) than in bulk water (0.7 ps), a factor of three slower at the air/water interface (2.0 ps) and a factor of four to five slower at the alkane/water interfaces (3.0-3.6 ps). Because the dynamics is friction controlled we were surprised to find that the kinetics changed by only ~ 20% in going from an octane/H20 interface (3.0 ps) to a pentadecane/water interface (3.6 ps). The viscosities of octane and pentadecane differ by a factor of six and were expected to markedly change the twisting relaxation dynamics about the central carbon-phenyl bond because the phenyl group projects into the alkane phase. This latter result at the alkane/water interface brings into question the presently accepted model of isomerization which assumes that the synchronous rotations of all three aromatic rings are necessary. It is the selective and anisotropic interactions of an interface with different parts of a molecule that make it possible to investigate how the different chromophores contribute to the relaxation process. In this study it is the hydrophobic phenyl group projecting into the alkane phase and the anilino groups having net positive charge projecting into the water phase that permit separating the frictional effects exerted on different parts of the molecule.
Experimental
A 10 Hz amplified colliding-pulse mode-locked dye laser provides 130 fs pulses at 625 nm [46] . The pump/probe approach employed is illustrated in Fig.  1 . Probe energy densities of 0.1 to 1 mJ/cm 2 were used. The pump energy was typically three times or greater than the probe. The laser probe light is focused at the interface and the second harmonic radiation (312.5 nm) is separated from the reflected fundamental using filters and a monochromator (M), and detected using a gated photomultiplier (P). The pump and probe beams, both incident at 70 ° to the surface normal, propagate in slightly different directions to enable spatial separation of the SH radiation generated by each beam. The liquid-air and liquidliquid interface experiments were performed on samples contained in teflon beakers. Experiments at the fused silica/aqueous interface used a teflon sample cell tightly covered with a fused silica equilateral prism (Esco). This prism was prepared as described previously [47] . The angle of incidence is different at the silica/water (66.9°), octane/water (42.3 ° ) and pentadecane/water (41.0 °) interfaces due to refraction. It should be noted that the geometry employed ensures total internal reflection in the case of the silica/water interface for which the critical angle (0 c) is 65.9 °, but not for the octane/water (0 c --72 °) or pentadecane/water (0 c = 68.2 °) interfaces. Polarizers enable distinct components of the surface nonlinear susceptibility to be probed. Aqueous solutions of malachite green chloride (Aldrich, used as received) in doubly distilled water were prepared. The bulk acidity was controlled using hydrochloric acid (Amend Drug And Chemical Co.) solutions. Solution pH was 2.4 unless otherwise indicated. Gibbs surface excess at the air/aqueous interface was determined from surface tension measurements using the Wilhelmy plate method [48] . Alkanes (Aldrich, 99 + % purity) were used as received.
Results and discussion
The TRSHG dynamics observed at the air/aqueous interface, following promotion of malachite green to its first excited electronic state (S~), are shown in Fig. 2 . We estimate, from surface tension measurements that the surface coverage is approximately 1013 molecules/cm 2 for the 100 pM solution used in the experiments reported in Fig. 2 . The TRSHG dynamics were independent of concentration in the range investigated (100-200 /xM) and independent of energy density in the range studied.
Malachite green in the bulk has pH dependent equilibria among the monocation MG ÷, the species generally referred to as malachite green, the dication MG 2÷ and the colorless carbinol form MGOH [25] . At low pH (< 1.5) it exists as a doubly charged cation (MG 2+) which absorbs in the blue and is therefore not resonant with the CPM laser used. At higher pH (> 7) malachite green exists predominantly as the carbinol (MGOH). The conversion process to MGOH is slow, but reversible, and is the origin of the alkaline fading of triphenylmethane dyes. Indeed, at pH > 4, the surface tension of aqueous malachite green solutions decreased with time, at constant bulk concentration, due to the formation of MGOH, sparingly solubility in water, and its adsorption to the interface. To ensure that we are investigating the properties of MG + the experiments were carried out at a bulk pH = 2.4.
We found that molecular rotation at the interface is not significant on the timescale of the isomerization kinetics at the interface from the observation that the polarization of the second harmonic light did not change with delay between the pump and probe light pulses. This observation is consistent with previous TRSHG measurements which revealed that diffusional molecular motion at the air/aqueous interface for molecules of comparable size and charge is only significant on timescales greater than one hundred picoseconds [16] . The isomerization dynamics were best characterized by a single exponential decay (2.0 + 0.3 ps at the air/aqueous interface). These rates are significantly slower than the dominant decay component of ~ 0.7 ps reported for malachite green in bulk water [49] [50] [51] .
The generally accepted model for the photoisomerization of TMP dyes in bulk solution involves the intramolecular rotations (twisting) of the aromatic groups about their respective bonds with the central carbon atom ( Schemes 1 and 2) [24, 25] . This motion is initiated by the change in the charge distribution of the molecule following excitation to the first excited singlet state. Although the frictional resistance exerted by the solvent against the twisting of the aromatic moieties in the bulk isomerization dynamics is seen in the viscosity dependence of the kinetics, the contribution of the individual groups is not known [36] . As noted earlier the solvent polarity is not observed to play a significant role in TMP relaxation dynamics as similar dynamics were observed in solvents of comparable viscosity yet greatly different dielectric constants and values of the solvent polarity parameter ET(30) [31, 32] . We expect that the isomerization at the interface will also be sensitive to the friction experienced along the twisting coordinates.
Molecular orientational structure of malachite green at liquid interfaces
The intramolecular twisting motions of the aromatic groups that drive the relaxation process occur in the orientationally asymmetric environment of the interface. Because of this asymmetry the frictional resistance and thereby the isomerization kinetics can be dependent on the orientation of the molecule at the interface. It is therefore necessary to determine the molecular orientation of malachite green at the various interfaces to be investigated.
To obtain the molecular orientation the measured second order susceptibility elements, which are defined by the laboratory axes (X,Y,Z), must be related to the molecular axis system of the molecule at the interface [52, 53] . This relation is contained in the expression X (2) = Ns(a(2)),
where N~ is the surface density of malachite green molecules, ot (2) the molecular polarizability and the brackets indicate an average over the orientational distribution of molecules at the interface. The laboratory axis system is defined by the interface normal (Z) and the plane of incidence (ZX). The in-plane isotropy of a liquid interface restricts the number of independent X (2) elements to three; Xzzz, Xzxx and Xxzx, where X and Y are equivalent. The three aromatic groups twisted in propeller like fashion about the central carbon-phenyl bonds yields a C 2 symmetry for malachite green with the following nonzero elements; rv(2) Ot (2) and a (2) z is the
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molecular symmetry axis and x is the axis in the plane defined by the bonds of the three aromatic groups to the central carbon atom. The relative importance of the different elements of the molecular polarizability can be predicted, in a first approximation, by examination of the electronic states of malachite green, schematically illustrated in Scheme 1. The a (2) components containing the y axis are very small compared to those with the z and x axis elements, because the y axis transitions are in the far ultraviolet. Resonances exist along the x and z molecular axes at the laser fundamental wavelength (A = 625 nm), for S O --* S l and S l ---> S 3 respectively, and along the x molecular axis near the second harmonic wavelength (A=312.5 nm) for S o ~ S 3. The values of the molar extinction coefficients were determined from UV-VIS measurements to be E ~ 8 X 10 4 f mol-1 cm-1 and • ~ 2 × 10 4 f mol -l cm -l for the S0~S l and S0~S 3 transitions, respectively. The excited state S l -)S 3 transition is significantly weaker than S O ~ $1 at the laser wavelength, 625 nm, as indicated by transient bleaching results from previous studies [50, 51] and the efficacy of malachite green as a saturable absorber. Because of a resonant enhancement at both the fundamental and second harmonic wavelengths, the dominant components of the molecular polarizability are then ot (2) and ~(2) which are equal by
symmetry. A smaller contribution is expected from
O~ (2) which is only resonant at the fundamental ZXX wavelength. The enhancement in the SH signal due to a double resonance relative to that of single resonance is found to be 100 from experiments on a related dye molecule [54] . The components of the macroscopic second order susceptibility X (2) expressed in terms of projections of the dominant molecular polarizability component ct (2) on the laboratory axes, described by means of The angle between the surface normal (Z) and the molecular axis (z) is given by 0. We select ~ = 90 °, the azimuthal angle about the molecular z axis, based on previous work on rhodamine 6G [16] , a molecule of similar size, structure and charge, which is consistent with a chemically intuitive model to be discussed later. The system is assumed to be invariant under rotation about the laboratory Z axis, described the angle 4', as a consequence of the in-plane isotropy of a liquid interface.
The polarization of the second harmonic radiation from the air/water interface was measured by the null angle technique to be 19°+ 2 ° . This would correspond to a molecular axis tilt angle (0) of 42 ° + 1 °, assuming a sharp distribution of molecular orientations. The effect of including a contribution from ~(2) is to reduce 0, bringing the molecule into t2lZx X , a more upright position.
The polarization of the second harmonic fields radiated from the octane/water interface, corrected for effects of refraction and angle of incidence, yields a molecular axis tilt angle of 42 ° 4-1 °, which is close to that found for the air/aqueous interface. We obtain the same orientation for malachite green at the pentadecane/water interface. In addition we find that the SH signal from the alkane/aqueous interface is more than an order of magnitude greater than for the air/aqueous interface at a similar bulk malachite green concentration. This result, which indicates a large increase in the population at the alkane/water interface relative to the air/aqueous interface, points to a favorable interaction of malachite green with the alkane phase, supporting the expectation of an interface geometry in which the hydrophobic phenyl group projects into the alkane phase.
This interfacial geometry is further supported by our SH measurements of the adsorption isotherm at the different interfaces, i.e. the SH signal as a function of malachite green concentration in the bulk aqueous solution [56] . The isotherm is well described by Langmuir adsorption. The Gibbs free energy of adsorption (AG) reveals a greater driving force for adsorption to the pentadecane/water interface (AG = -11.2 + 0.6 kcal/mol) than for adsorption to the air/water interface (AG = -9.0 _+ 0.5 kcal/mol). This result is chemically intuitive in view of the significantly greater solubility of benzene in alkanes as opposed to water. Thus one would expect an attractive interaction between the phenyl group of MG and the alkane phase at the interface. 
Frictional resistance and adsorbate geometry at aqueous interfaces
Based on the orientational results and the adsorption energetics we infer that the phenyl group projects into the octane and pentadecane phases with the same orientation while the charged anilino groups project into the water phase. This interface geometry for malachite green is consistent with a model with a geometry based on simple chemical considerations. For this geometry we expect that the twisting of the phenyl group about the central carbon-phenyl bond and the twisting of the anilino groups about their respective central carbon-anilino bonds would be very sensitive to the frictional properties of the phase in which these groups are located, namely the alkane and water phases. Thus the frictional resistance to the twisting of the phenyl group should be much greater at the pentadecane/water interface than the octane/water interface based on the sixfold greater viscosity of pentadecane relative to octane. Contrary to this expectation, we found that the isomerization dynamics differed by only 20% at the two alkane/aqueous interfaces (Figs. 3 and 4) . The relaxation times of 3.0 + 0.4 and 3.6 + 0.3 ps at the octane/aqueous, and pentadecane/aqueous interfaces, respectively, suggest that the photoisomerization dynamics of malachite green does not depend significantly on the rotation of the phenyl group. This is contrary to the generally accepted model which assumes that the synchronous twisting of all the aromatic moieties determines the rate of isomerization [25, 27, 57, 58] . Our results suggest that it is the nitrogen containing dimethylaniline moieties that determine the isomerization rate. Because these more hydrophilic moieties project into the aqueous phase, we infer that it is the frictional resistance in the aqueous phase that is chiefly responsible for the observed relaxation times. The similar relaxation times (within 20% of each other) for the two alkane/water interfaces suggests that the structure of water at these interfaces is essentially the same. On the other hand the different relaxation times at the air/water and alkane/water interfaces suggest that there could be differences in the water structure at the various aqueous interfaces, though probably not very large ones. Although the orientation of malachite green is similar at the various interfaces, which indicates that the differences in relaxation times are not due to any dependence of the friction on the interfacial orientation, it is possible that the vertical position of malachite green could differ for air/water and alkane/water interfaces. It would not be unlikely for the phenyl group to project further into the alkane phase, because of van der Waals interactions with the alkane molecules, than into the air phase. Thus the anilino groups would be located in that part of the water phase closer to the alkane interface, which could have a different structure and thus exert a different frictional resistance to the twisting motions. Theoretical studies, based on molecular dynamics simulations, concluded that the structure of water at the air/aqueous and alkane/aqueous interfaces is similar [59, 60] . We cannot establish on the basis of these experiments whether the different relaxation times are due to the structure of water being different at the alkane/water and air/water interfaces or the structure of water being the same at these interfaces and the different relaxation times arise from the different positions of malachite green at the air/water and alkane/water interfaces. In any event the results suggest that there is not a major difference in the water structure at the air/aqueous and alkane/aqueous interfaces.
Unlike the air/aqueous and alkane/aqueous interfaces, the phenyl group as well as the dimethylaniline groups must be immersed in the water phase at the silica/aqueous interface. We find that the isomerization dynamics (Fig. 5) is slower (5.5 _+ 1.0 ps) than at the air/aqueous and alkane/aqueous interfaces, indicating that there is either a specific interaction of malachite green with charged silanol groups or that the structure of water at the silica interface in the vicinity of malachite green is different from that at the alkane and air interfaces [61] . As noted earlier the silica/aqueous interface experiments were carried out in a pH range of 2.4 to 3.6 to avoid the formation of MG 2+, which becomes significant at pH < 2 and carbinol (MGOH) which becomes the dominant form at pH > 7. Although the MG ÷ is the dominant from (> 95%) in the pH range of 2.4 to 3.6, the silica surface changes to some extent over this pH range due to the ionization of the -SiOH groups. Based on our work on the pK a of the -SiOH groups at the silica/aqueous interface we estimate that roughly 1% of the silanols (~ 5 × 1012 -SiO-/cm 2) are ionized in this pH range. The increase in the SiO-density at the higher end of the pH range we have studied increases the attractive interaction of the silica with the cation MG ÷. This increased attractive interaction results in an increased MG ÷ population at the interface, which is reflected in the larger SH signal found at pH 3.6 relative to pH 2.4. Although the SH signal increased by a factor of ten we found that neither the dynamics nor the orientation of MG + changed across this pH range (pH = 2.4-3.6). These latter results indicate that the interactions of MG ÷ with the interfacial moieties, which includes the interfacial water, the SiO-and the SiOH groups, is not changing with pH from pH 2.4 to 3.6. It therefore seems plausible that the MG ÷ are preferentially adsorbed to the location of the -SiO-moieties and that increasing the density of -SiO-groups (by raising the pH) increases the population of adsorbed MG ÷ without changing the local environment of the interfacial MG ÷. Thus, the orientation of MG ÷ and the photoisomerization dynamics remain unchanged even though the MG ÷ population increases across this pH range.
Comparing our results with the fluorescence studies of malachite green at the silica/aqueous interface [26] , we note that the 350 ps instrument function in the fluorescence studies precluded measurement of the rapidly relaxing populations that we observe. The long lifetimes detected in the fluorescence experiments could correspond to the small residual signal we observe, which on the picosecond timescale appears as a constant offset and thus does not contribute to the dynamics observed in TRSHG experiments.
It is furthermore of interest to note that although the phenyl group and the dimethylaniline groups are immersed in the aqueous phase, the isomerization dynamics at the silica/aqueous interface are different (slower) than in the bulk aqueous phase. This result has a bearing on some experimentally based inferences, that water structure and therefore viscosity are greater at the silica/aqueous interface than in the bulk aqueous solution [20, [62] [63] [64] .
Comparison of isomerization rates at the air/ aqueous interface
It is of some interest that, compared with bulk aqueous lifetimes, the increase in lifetime observed for malachite green at aqueous interfaces is opposite to the observed decrease in lifetime of the activated photoisomerization dynamics of the cyanine dye DODCI at the air/aqueous interface [14] . For malachite green and DODCI we believe that the molecular environment, orientation and solvent structure in the vicinity of the different chromophores of the two molecules dictate the observed interfacial behavior. The expected orientation of DODCI leads to one end of the molecule pointing away from the bulk water phase towards the air, analogous to what is observed for the phenyl group of malachite green. For DODCI the photoisomerization can be achieved by the motion of one end of the cyanine dye about its methylene bonds, through the air side of the air/aqueous interface, which is a region of low solvent coupling. However, for malachite green the motion that effects the isomerization is that of the anilino groups, which are immersed in the aqueous phase, which is a region of strong coupling to the interfacial water molecules. Thus the friction experienced by DODCI and malachite green is different though they are both at air/aqueous interfaces. With respect to the effects of interfacial solvent polarity we would anticipate that the polarity experienced by DODCI would be less at the air aqueous interface than in the bulk aqueous phase because solvation of DODCI surrounded by water molecules should be greater in the bulk solution. Based on bulk studies we expect the barrier for DODCI isomerization would be higher at the less polar interface and therefore the kinetics would be slower. Our experimental results are opposite to this, which suggests that it is the decreased friction and not the barrier that yields the faster rate for DODCI isomerization at the interface. Theoretical studies, based on molecular dynamics simulations, indicate an increase in the isomerization rate in the strong coupling limit, which is attributed to fewer barrier recrossings in the presence of reduced interfacial solvent density [65] . With respect to malachite green, which undergoes a barrierless isomerization, we ascribe the slower kinetics to the increased structure at the aqueous interface, and thus the increased friction experienced by the dimethylaniline groups that project into the aqueous phase.
Conclusion
We have investigated the dynamics of a barrierless chemical reaction, the photoisomerization of malachite green, at air/aqueous, alkane/aqueous and silica/aqueous interfaces. The dynamics are found to be slower at all interfaces than in the bulk solution but surprisingly are not sensitive to the viscosity of the alkane phase at the various alkane/aqueous interfaces. The orienting property of the interface enables the relative contributions of the various aromatic groups of malachite green, namely the hydrophobic phenyi group projecting into the alkane phase and the charged hydrophilic dimethylaniline groups projecting into the aqueous phase, to be determined in the isomerization process. Contrary to current models of isomerization of triphenylmethane dyes, we suggest, on the basis of the TRSHG experiments, that rotation about the central carbon-phenyl bond is not significant in the isomerization process. The twisting motions of the dimethylaniline groups are the dominant pathway governing the photoisomerization dynamics. The slower isomerization dynamics at the silica/aqueous interface are consistent with the idea that water is more structured in the neighborhood of the solid (silica)/aqueous interface and thus the friction is greater than in the bulk aqueous phase. Based on these studies of malachite green and DODCI, it is suggested that the friction experienced at an interface must be considered in terms of the orientation of the molecule at the interface, the preferred location of the various parts of the adsorbed molecule, the local solvent structure and most importantly the particular motion involved in the chemical or physical process.
